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AP	 Ankle pressure
BM	 Bone marrow
CFA	 Common femoral artery
CLI	 Critical Limb Ischemia
CLTI	 chronic limb-threatening ischemia
CTCAE	 Common Terminology Criteria for Adverse Events
CPK	 Creatine phosphokinase
CV	 Cardiovascular
DC	 Dendritic cell
Del-1 and DELTA 1	 Developmentally regulated endothelial locus
DSMB	 Data and Safety Monitoring Board
EC	 Endothelial cells
EnEPC	 Enriched endothelial progenitor cells
EPC	 Endothelial progenitor cells
ESC	 European Society for Cardiology
EVT	 Endovascular therapy
FGF 	 Fibroblast growth factor
FIH	 First in human
GVHD	 Graft-versus-host disease
GSV	 Great saphenous vein
G-CSF	 Granulocyte colony-stimulating factor
GCP	 Good clinical practice
GMP	 Good manufacturing practice
GTP	 Good tissue practice
Hg	 Hemoglobin
HGF	 Hepatocyte growth factor
HIF	 Hypoxia inducible factor
HSPC	 Hematopoietic stem/progenitor cells
IA	 Intra-arterial
IC	 Intermittent claudication
ICH	 International Conference on Harmonization of Technical 

Requirements for Registration of Pharmaceuticals for 
Human Use

IL-10	 Interleukin-10
IM	 Intramuscular
IV	 Intravenous
LEAD	 Lower extremity arterial disease
LOCF	 Last observation carried forward
MedDRA	 Medical Dictionary for Regulatory Activities
MI	 Myocardial infarction
MNC	 Mononuclear cells
MSC	 Mesenchymal stem cells
NIH	 National Institutes of Health
NO	 Nitric oxide
PAD	 Peripheral artery disease
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PBMC	 Peripheral blood mononuclear cell
PB-MNC	 Peripheral blood-derived mononuclear cells
PI	 Principal investigator
PTA	 Percutaneous transluminal angioplasty
PVR 	 Pulse volume recording
QoL	 Quality of life
RCT	 Randomized controlled trial
RNA	 Ribonucleic acids
SAE	 Severe adverse effect
SOC 	 System organ class
SPC	 Stem/progenitor cells
TASC	 Trans-Atlantic Inter-Society Consensus
TBI	 Toe-brachial index
TcPO2	 Transcutaneous oxygen pressure
TGF-β	 Transforming growth factor beta
TP	 Toe pressure
TTF	 Treatment failure
Ulex	 Plant Ulex europaeus
VAS	 Visual Analogue Scale
VascuQol	 Vascular Quality of Life
VEGF	 Vascular endothelial growth factor
WBC	 White blood cells
WIfI	 Wound, Ischemia, and foot Infection

12.1  �Introduction

Peripheral artery disease (PAD) is caused by atherosclerotic occlusion of the arter-
ies of the body. PAD can affect the brain, internal organs, and limbs. Most com-
monly this vascular disease causes partial or total occlusion of the blood supply to 
the legs and is sometimes referred to as lower extremity arterial disease (LEAD). 
LEAD affects more than 200 million people worldwide with about 12 million peo-
ple in the USA and 17 million in the EU (https://www.nhlbi.nih.gov/health/educa-
tional/pad/materials/pad_extfctsht_general.html, [45, 62]). Clinically, it is 
characterized by intermittent claudication (IC), pain in the muscles of the lower 
limb brought on physical activity and rapidly relieved by rest. When PAD worsens, 
it reaches the stage of Critical Limb Ischemia (CLI), a life-threatening disease with 
comorbidities and an extremely low quality of life (QoL). CLI, also referred to as 
chronic limb-threatening ischemia (CLTI), is the major cause of ischemic amputa-
tion [1, 21, 61]. CLI presents clinically as rest pain, ischemic ulceration, or gan-
grene of the foot or the leg (Fig. 12.1) and requires immediate treatment [48].
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12.1.1  �CLI Diagnostics and Current Best Practice

The assessment of the severity of PAD is traditionally based on the Fontaine or 
Rutherford classifications [31, 37, 72]. Rutherford suggested classification for grad-
ing the severity of chronic arterial occlusive disease for the purposes of standardized 
reporting practices is outlined in Table 12.1, where symptomatic disease is stratified 
into six categories.

Pressure indexes such as the ankle-brachial index (ABI) may be better for com-
paring groups of patients, as well as for monitoring a given patient over time after 
intervention (e.g., after bypass surgery). In addition, to claim cause and effect and 
attribute the improvement to a treatment, some objective evidence of hemodynamic 
change needs to be included, and a change in the ABI of more than 0.10 was recom-
mended. This was later adopted by the Trans-Atlantic Inter-Society Consensus 
(TASC) [25].

Normalartery Narrowed atherosclerotic artery
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blood pressure

Location of occlusion
Severity of occlusion
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Perfusion pressure

Vascular remodelling
Inflammation
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Macrovascular adaptations Microvascular adaptations Tissue remodelling

Fig. 12.1  Schematic representation of the response to ischemia in peripheral artery disease [48]
Initially the ischemic limb compensates for the hypoxia by altering the hemodynamics and pro-
moting microvascular adaptations by induction of angiogenesis and/or arteriogenesis. As the 
severity of the hypoxia increases, the microvascular adaptations are not sufficient. These changes 
lead to mitochondrial injury, free radical generation and subsequent muscle fiber damage, myofi-
ber degeneration, and fibrosis. Additional decreases in oxygen supply and increased metabolic 
demands lead to rest pain, chronic non-healing wounds and gangrene, threatening limb function, 
and viability. In this figure, the blue arrows show the direction of blood flow in the artery, and the 
white arrows show the increase in severity of disease. Abbreviations: ECs endothelial cells, HIF-1α 
hypoxia inducible factor-1α, NO Nitric oxide, PAD peripheral artery disease, VEGF vascular 
endothelial growth factor, WBCs white blood cells
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Rest pain scores on rating scales ranging from 0 for the best (completely resolved) 
to 4 points for the worst condition (severe pain unresolved with paracetamol or non-
steroidal anti-inflammatory drugs) were suggested by Tateishi-Yuyama [83].

The 6-minute walking test is considered informative and a predictor of further 
deterioration for CLI patients. Typically, annual decline in 6-minute walk perfor-
mance (−73.0 ft (~22 meter) is observed in CLI patients with ABI <0.50. Smith 
et al. defined “mild claudication” as the ability to walk 2 to 3 blocks (900 ft) (~270 
meter) before stopping; “moderate claudication,” 1 or 2 blocks (600  ft) (~180 
meter); and “severe claudication,” less than 1 block (300 ft) (~90 meter) [77]. Perera 
defined a small meaningful change in 6-minute walk as a change of 20 meters and a 
large meaningful change of 50 meters or more [55, 64].

A more recent classification system (WIfI classification) has been proposed by 
the Society of Vascular Surgery. This classification evaluates the prognosis of the 
affected lower limb by considering the following three factors which are graded 
into four categories (0 = none, 1 = mild, 2 = moderate, 3 = severe): wound (W), 
ischemia (I), and foot infection (fI) (Table 12.2) [56]. In the last revision of the 
European Society of Cardiology guidelines, the definition of CLI was replaced by 
the new concept of CLTI. While the term CLI mainly defined the degree of severe 
ischemia as the underlying cause of the disease, the CLTI definition also takes into 
account the degree of infections and wounds, which are perceived as crucial in 
estimating the prognosis of the lower limb [1, 21]. Unlike Rutherford’s classifica-
tion, the WIfI does not include pain and walking ability that might also affect CLI 
prognosis.

Table 12.1  Rutherford classification of PAD and CLI

Category Symptoms Objective criteria

0 Asymptomatic Normal treadmill
Reactive hyperemia test

1 Mild claudication Completes treadmill exerciser
AP after exercise >50 mm Hg

2 Moderate claudication Exercise between categories 1 and 3
3 Severe claudication Cannot complete standard treadmill 

exercise
AP after exercise <50 mm Hg

4 Ischemic rest pain Resting AP < 40 mm Hg, fiat or barely 
pulsatile ankle or metatarsal PVR; 
TP < 30 mm Hg

5 Minor tissue loss
non-healing ulcer, focal gangrene with 
diffuse pedal ischemia

Resting AP < 60 mm Hg, ankle or 
metatarsal PVR fiat or
barely pulsatile; TP < 40 mm Hg

6 Major tissue loss
Extending above transmetatarsal level, 
functional foot no longer salvageable

Same as category 5

AP Ankle pressure, PVR pulse volume recording, TP toe pressure, Rutherford’s Categories 4, 5, 
and 6 are embraced by the term chronic CLI.; Normal treadmill = Five minutes at 2 mph (2 Miles 
per hour = 3.6 Km per hour 60 meter per minute) on a 12% incline
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Table 12.2  Wound, Ischemia, and foot Infection (WIfI) [37, 56]

Wound
Grade Ulcer Gangrene
0 No ulcer No gangrene
1 Small, shallow ulcer on distal leg or foot; no 

exposed bone, unless limited to distal phalanx
No gangrene

2 Deeper ulcer with exposed bone, joint, or 
tendon; generally not involving the heel; 
shallow heel ulcer, without calcaneal 
involvement

Gangrenous changes limited to digits

3 Extensive, deep ulcer involving forefoot and/
or midfoot; deep, full-thickness heel ulcer ± 
calcaneal involvement

Extensive gangrene involving the 
forefoot/ midfoot; full-thickness heel 
necrosis ± calcaneal involvement

Ischemia
Grade ABI Ankle systolic pressure TP, 

TcPO2

0 ≥0.80 >100 mm Hg ≥60 mm 
Hg

1 0.6–0.79 70–100 mm Hg 40–
59 mm 
Hg

2 0.4–0.59 50–70 mm Hg 30–
39 mm 
Hg

3 ˂0.39 <50 mm Hg <30 mm 
Hg

Infection
Grade Clinical manifestation of infection
0 No symptoms or signs of infection

Infection present, as defined by the presence of at least two of the following items:
 � Local swelling or induration
 � Erythema 0.5–2 cm around the ulcer
 � Local tenderness or pain
 � Local warmth
 � Purulent discharge (thick, opaque to white, or sanguineous secretion)

1 Local infection involving only the skin and the subcutaneous tissue
Exclude other causes of an inflammatory response of the skin (trauma, gout, acute 
Charcot, fracture, thrombosis, venous stasis)

2 Local infection with erythema >2 cm, or involving structures deeper than skin and 
subcutaneous tissues, and no systemic inflammatory response signs

3 No systemic inflammatory response signs
Local infection with the signs of SIRS, as manifested by two or more of the following:
 � Temperature > 38 or <36 °C
 � Heart rate > 90 beats/min
 � Respiratory rate > 20 breaths/min or PaCO2 < 32 mm Hg
 � White blood cell count > 12,000 or <4000 cu/mm or 10% immature bands

ABI ankle brachial index, PaCO2 partial pressure of carbon dioxide, SIRS systemic inflammatory 
response syndrome, TcPO2 transcutaneous oximetry, TP toe pressure
Notes: Patient’s symptoms are graded by three categories: foot wound severity, tissue perfusion by 
ABI or transcutaneous oximetry, and the presence of infection
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CLI is associated with high risks for cardiovascular events, including myo-
cardial infarction, stroke, and death. All current CLI guidelines support the use 
of statins and medications aimed at improving blood flow (e.g., phosphodiester-
ase inhibitor cilostazol), reducing blood viscosity (aspirin and anticoagulants), 
antiplatelet therapy (Plavix), and angiotensin-converting enzyme (ACE) inhibi-
tors to reduce cardiovascular events and mortality [85]. In addition, pain is con-
trolled with several levels of analgesics and narcotic medications. Secondary 
prevention by lifestyle changes (smoking cessation, healthy diet, weight loss, 
and regular physical exercise) are also useful [1, 85]. In patients with diabetes, 
glycemic control is particularly important for improved outcome [1]. While 
there is no drug specifically approved for the treatment of CLI, promising inter-
ventional methods are constantly improving. Veith et al. showed that frequent 
follow-up of CLI patients and aggressive intervention can dramatically decrease 
major amputation rates, reporting a decrease from 41% to 5% in primary ampu-
tations between the years 1974 and 1989. This approach is now accepted as the 
standard of care, with further establishment of multidisciplinary wound healing 
centers in most middle-sized and large hospitals around the world [34, 38, 89]. 
The therapeutic approach to patients with PAD includes two aspects. The first is 
to address the risk related to a specific lesion’s symptoms, length, level of occlu-
sion, and localization, while the second is the management of the patients’ 
increased risk of any cardiovascular (CV) event [1, 21]. A flowchart summariz-
ing the proposed therapeutic strategies is presented in Fig. 12.2. Revascularization 
should be attempted as much as possible; bypass surgery or angioplasty should 
be considered depending on the anatomical region and lesion complexity [21]. 
For some CLI patients, these interventional procedures are not suitable for sev-
eral of reasons, such as the distribution of the occlusive disease in medium and 
small vessels, lesions too numerous and too small to revascularize, and comor-
bidities [48]. Yet, starting from the 1980s, it was shown that with a more aggres-
sive limb salvage approach, less than 6% of CLI patients were not candidates for 
interventional treatment [88]. According to Aboyans et al. and Conte et al., the 
majority of CLTI patients are anatomically suitable for revascularization and 
establishing direct in-line flow to the foot is the primary technical goal [1, 21]. 
Recently, Abualhin et  al. reported that distal anastomosis performed on 73 
patients with Rutherford’ categories 5–6 resulted in technical success in 98.6%, 
with 1-month bypass patency in 87.8% of the patients, bypass assisted patency 
in 91.9%, and secondary patency in 93.2%. The 1-year results of these param-
eters were 54.4%, 71.4%, and 75.1%, respectively. Limb salvage and amputa-
tion-free survival (AFS) at 1-year were 84.3% and 79.1%, respectively, with 
most of the failures occurring within the 6-month follow-up (6-month limb sal-
vage 85.8% and AFS 82.1%) [2]. Thus, it seems that despite good technical 
revascularization, clinical success is considerably less than 100%. Furthermore, 
due to the ulcers and subsequent gangrene and recurrent infections, these 
patients are frequently infected and require treatment with antibiotics, often 
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leading to the development of antibiotic resistance. When revascularization 
attempts fail and for nonrevascularizable patients, new therapies, such as gene 
or SPC therapy, are required since the current available therapy only includes 
symptomatic treatments.

12.1.2  �Demographic Data

From January 2007 to December 2008, the prevalence and incidence of CLI in the 
USA was 0.23% and 0.20%, respectively. Overall, the success rates of the current 
therapies and prevention measures are limited, and once PAD progresses to CLI, the 
risks of limb loss and mortality increase. It is estimated that 220,000–240,000 
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Rest pain – Tissue loss

Complete physical
exam suggestive of

PAD

Measure ankle
pressure, ABI, and
Doppler waveforms

Abnormal ABI < 0.90

Measure toe pressure,
TBI, and Doppler
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(Wlfi)
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imaging if patient is a
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Search for alternate
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Search for alternative
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Fig. 12.2  Flow diagram for the investigation of patients presenting with suspected chronic limb-
threatening ischemia (CLTI) [21]. ABI Ankle-brachial index, PAD peripheral artery disease, TBI 
toe-brachial index, WIfI Wound, Ischemia, and foot Infection
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amputations are carried out in the USA and Europe annually due to failure of revas-
cularization [4]. The risk of amputations because of vascular diseases is dramati-
cally increased in diabetes, which affects more than 230 million people worldwide 
[10, 94].

It is estimated that CLI will affect more than 3 million patients in the western 
world with an annual 2% US growth rate [53]. Based on historical data, within 
6–12 months after the diagnosis of CLI, approximately 30% of patients will undergo 
amputation and 20% will die [23, 61, 76]. The 2-year and 5-year mortality rates are 
approximately 35% and 70%, respectively [66]. Despite advances in medical and 
interventional therapies, the amputation rate has increased from 19 per 100,000 
person/year to 30–50 per 100,000 person/year over the past decades, mainly driven 
by an increase in the number of diabetics and older patients [3, 62]. Successful 
rehabilitation is achieved in less than two-thirds and one-half of patients after 
below-knee and above-knee amputations, respectively. Fewer than 50% of ampu-
tees achieve full mobility [4], and in patients who survive the first major amputa-
tion, a second amputation is required in 30% of the cases. Amputations cause 
devastating psychological effects and diminished QoL and also have a negative 
impact on survival. Even with the current best practice, the 5-year mortality rate for 
CLI is >60%, exceeding that of prostate cancer (<1%), breast cancer (11%), acute 
MI (20%), colorectal cancer (36%), and stroke (41%) [9].

12.1.3  �Cost of CLI

The estimated total costs of treating CLI in the USA alone are $10 to $20 billion per 
year [4, 10, 42]. The cost of follow-up, long-term care, and treatment for an ampu-
tee who remains at home is $49,000 per year versus only $600 to $800 per year after 
limb salvage. Amputations are associated with substantial costs (e.g., hospitaliza-
tion, surgery, fitting and building of prosthesis, rehabilitation process, home health 
aides, adaptations at the patients’ homes, influence on family and economic produc-
tivity, long-term healthcare costs, etc.) [5]. The CLI economic burden is very high. 
Thus a 25% reduction in amputations could save $2.9 to $3.0 billion yearly in US 
healthcare costs.

From what has been described above, CLI is a progressive devastating illness 
with significant disability, poor quality of life, and morbidity and mortality that 
exceed cancer. The economic toll is enormous, and the number of cases is increas-
ing dramatically. There is an unmet, immediate need for the development of new 
therapies to stabilize or reverse the disease course, especially in “no option” 
patients.

This chapter describes new innovative approaches to treat CLI patients who 
failed or are not eligible for revascularization procedures and/or those suffering 
from occlusive disease in medium and small vessels, too numerous and small to 
revascularize, and suffering from multiple comorbidities. It will review several 
gene and cell therapy approaches and present preliminary first-in-human (FIH) 
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results of a novel treatment that combines immune cell therapy and a stepwise acti-
vation and differentiation of stem/progenitor cells (SPC). Utilizing this innovative 
technology, peripheral blood cells from a standard blood draw (with no pretreat-
ment or mobilization) can be transformed, within a day, into a cellular therapeutic 
product code-named BGC101, composed of early endothelial progenitor cells 
(EPCs), SPCs, alternatively activated pro-tolerogenic and pro-angiogenic dendritic 
cells (DCs), and T helper cells. [67]. As will be described in detail below, this treat-
ment has shown promising therapeutic effects in patients with otherwise untreat-
able CLI after a single treatment. The first cohort results have met the expected 
safety and efficacy primary endpoints. BGC101 has been found to be safe with 
6-month amputation-free survival (AFS) in all patients. Additional beneficial 
effects were observed on increased leg blood flow, wound healing, walking ability, 
reduction of pain, decreased usage of narcotic medications, and improved quality 
of life (QoL).

12.2  �Review of Gene and Cell Therapy Investigations

12.2.1  �Gene Therapy

Gene therapies using naked/plasmid-encoding angiogenic factors such as vascular 
endothelial growth factor (VEGF), hepatocyte growth factor (HGF), fibroblast 
growth factor (FGF), hypoxia inducible factor (HIF), and developmentally regu-
lated endothelial locus (Del-1 and DELTA 1) aimed at promoting neovasculariza-
tion were highly promising in animal models, but were not effective in inducing 
functionally significant angiogenesis in clinical trials. Evidence accumulated from 
22 phase 1 and phase 2 studies in 2008 supports the safety of these approaches in 
humans and also provides indications of bioactivity in patients with these dreaded 
conditions. Even so, true breakthroughs have been elusive [21, 46, 86]. An impor-
tant example is the report by Powell et al. who tested the safety and bioactivity of 
HGF plasmid injection for CLI. In this randomized double-blind, placebo-controlled, 
dose-escalating, multi-center HGF-STAT trial, 104 patients with rest pain or tissue 
loss due to severe lower extremity ischemia were assigned to receive injections of 
placebo or 1 of 3 dosing regimens of HGF plasmid into the ischemic leg muscle. A 
unique, prespecified analysis plan allowed the investigators to identify an increase 
in TcPO2 in the high-dose group that was not present in other treatment groups, thus 
providing objective evidence for bioactivity. However, other end points, such as 
amputation rate, wound healing, and ankle/brachial or toe/brachial index, did not 
reveal differences between treatment groups [69]. Despite advances in the under-
standing of the diseases and the gene delivery tools, growth factor therapy results 
have been inconclusive. New modalities using gene therapy with biomaterials and 
cell-mediated delivery are very promising, but at this stage they are still in the pre-
clinical research stage [92]
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12.2.2  �Stem/Progenitor Cells (SPC) Therapy for PAD and CLI

Adult bone marrow-derived cells (BM) that contains hematopoietic SPC (HSPC) 
and mesenchymal stem cells (MSC) has been widely used for numerous clinical 
applications. For more than 50 years HSPCs, the oldest form of therapeutic adult 
stem cells, have been administered in over 50,000 implantations, providing phy-
sicians with a thorough understanding of their utility, mainly for replacing blood 
and immune cells. More than 29,000 autologous transplants performed thus far 
have proven that they significantly lower the risk of infection due to the rapid 
recovery of immune function and the avoidance of rejection and graft-versus-
host disease (GVHD). These advantages have established autologous HSPC 
transplants as a standard second-line treatment for various malignant conditions, 
enabling the use of more intense chemotherapy [17, 35]. In addition, autologous 
HSPC infusion was also found to be safe and has been used to treat approxi-
mately 900 patients with autoimmune diseases, leading to sustained remissions 
in about 30% [63]. SPCs are capable of self-renewal and differentiation into 
organ-specific cell types as well as having paracrine effects via the release of 
pro-angiogenic growth factors/cytokines. A combination of cellular activities 
that contribute to the effects of SPCs transplantation include: the cells’ vasculo-
genic properties; paracrine effect resulting from secretion of multiple growth 
factors; and secretion of exosomes containing proteins, ribonucleic acids 
(RNAs), and microRNAs which stimulate both receptor-mediated and genetic 
mechanisms [32]. Cellular therapies also provide a treatment solution that 
addresses multiple aspects of CLI, including reduction of inflammation, tissue 
remodeling, and increased perfusion [9]. Since regenerative medicine treatment 
began in 1997, the feasibility and safety of BM-derived SPC has been estab-
lished in over 3000 patients with refractory angina, ischemic cardiomyopathy, 
and chronic end-stage heart failure [33, 11]. In these studies, HSPCs and MSCs 
from BM aspirates and mobilized BM, both with and without ex vivo culturing 
steps, all showed high safety profiles, regardless of the administration method 
(intramuscular injections (IM), intravenous infusion (IV), or via angiography).

Progress has also been achieved in establishing therapeutic protocols for 
treating a variety of conditions, such as critical limb ischemia, acute myocardial 
ischemia, and infarction by using SPC. A variety of allogeneic and autologous 
tissues have been suggested as SPC sources, such as BM, peripheral blood 
mobilized cells, and mesenchymal organs. Overall, studies applying cells pro-
duced in compliance to good manufacturing practice (GMP) and good tissue 
practice (GTP) show that cell implantation was well tolerated and improved 
clinical status and survival, while most of the reported adverse effects stemmed 
from pre-procedural treatments connected to acquiring cells for the treatment 
[28, 33, 35].
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12.2.3  �Results of Stem/Progenitor Cell (SPC)-Based Therapy 
in PAD and CLI

Results of non-controlled as well as randomized controlled trials (RCT) applying 
SPC-based therapy in PAD and CLI are summarized in Table 12.3. One of the most 
promising and innovative treatments for PAD and CLI is the use of SPC that pro-
motes small-to-medium sized blood vessel neovascularization and supports tissue 
reperfusion in a more physiological way with potentially high effectiveness. More 
than 70 studies have demonstrated the safety and clinical benefits of autologous BM 
mononuclear cells (BM-MNC), BM-MSC, G-CSF-mobilized peripheral blood-
derived mononuclear cells (PB-MNC), or EPCs for patients with CLI. BM aspira-
tion necessitates systemic/epidural or local anesthesia and aspiration of large 
amounts of marrow (300–500 mL) that many CLI patients cannot tolerate [52]. For 
those who undergo the procedure, the most frequent adverse reaction was local 
pain, responsive to non-steroidal anti-inflammatory drugs [28].

12.2.3.1  �BM Mononuclear Cells (BM-MNC)

In the first published study, patients with chronic CLI conditions that were not 
amenable to revascularization received BM concentrate or peripheral blood mono-
nuclear cells (PBMC) implantation. Cell implantation induced no local inflamma-
tory reaction or edema of the gastrocnemius up to 72  hours after injection. 
Concentrations of serum creatine phosphokinase (CRP) increased after implanta-
tion (maximum after 1 day) and reverted to baseline within 7 days. 25 patients were 
treated with BM-MNC (1.6 ± 0.6 × 10e9 cells) and injected at 40 points into the 
gastrocnemius of the more ischemic limb (ankle-brachial index; ABI <0.6). 20 
patients were in the control treatment, 4 obtained saline solution, and 16 patients 
were treated with PBMC (1.5 ± 0.6 × 10e9 cells) injected into the contralateral leg. 
The cell injection procedure was safe. 2 patients out of 47 died from myocardial 
infarction judged as unrelated to treatment, and no other treatment-related adverse 
events (AE) were reported. These results reflect a mortality rate of 4.3% compared 
to the 20% mortality expected based on historical data with the existing best prac-
tice methods [21, 23, 76]. PBMC control group showed moderate effects on stabi-
lizing and improving blood flow and pain. A significant improvement in the 
BM-MNC group compared with the PBMC or saline was observed in ABI, trans-
cutaneous oxygen pressure (TcPO2), rest pain, and the pain-free walking distance 
at 4 and 24 weeks [83].

Miyamoto et  al. administrated autologous BM-MNC and investigated their 
safety and efficacy in recovering refractory chronic PAD of limbs and hands. No 
serious adverse events were reported, and the treatment was effective in relieving 
severe pain of PAD, especially for Buerger’s disease. The maximum pain level 
before implantation was 66.5 ± 5.0 (VAS 0–100), and it decreased to 12.1 ± 2.2 after 
implantation (p < 0.001). Rest pain in legs and fingers was resolved in 11 of 12 cases 
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(92%). Pain-free walking time on a treadmill improved significantly (140 ± 53 sec-
onds before implantation to 451 ± 74 seconds after implantation, p = 0.034). Resting 
ABI in legs implanted with BM mononuclear cells also improved (0.65  ±  0.08 
before implantation vs. 0.73 ± 0.07 after implantation, p = 0.055). Significant perfu-
sion improvement was demonstrated by 99mTc-tetrofosmin perfusion scintigra-
phy [57].

12.2.3.2  �Mobilized BM (PB-MNC) Versus BM Mononuclear Cells 
(BM-MNC)

Several studies with growth factor mobilization of BM (also referred to as 
PB-MNC) were performed with safety and efficacy results similar to those of the 
BM-MNC trials. Overall, reported AE stemmed from pre-procedural treatments 
with G-CSF. AE included flu-like symptoms, myalgia, fever, and bone pain. A 
smaller number of AE included three patients who had to discontinue G-CSF due 
to chest pain, muscle pain, and anaphylaxis, respectively, one patient with ven-
tricular fibrillation who recovered after cardioversion, and one patient who had 
minor retinal bleeding [27, 28, 43, 44, 49]. The long-term mortality rate in these 
studies was 2.8%, with 21 deaths reported between 2 months and 3 years after 
therapy, as compared to the 20% expected based on historical data. Thus, based 
on data from 761 patients, the authors concluded that no safety concerns exist 
with this type of cell therapy [28]. Among these, Huang et al. studied the effect of 
G-CSF mobilized PB-MNC (3.0 × 10e9 cells) in a RCT design on 28 diabetic 
patients with CLI. The control group received conventional wound care, and both 
groups were supplemented with an intravenous injection of prostaglandin E1. The 
study patients received G-CSF for a total of 5 days before PB-MNC collection. 
Huang reported improvements in pain-free walking distance, healing of diabetic 
foot ulcers, and significant increase in ABI (from 0.50  ±  0.21 to 0.63  ±  0.25 
(p < 0.001)) and in angiographic scores [40]. Despite the limitations of the lack of 
compatibility between the studies, the outcome of BM-derived cell therapy (as 
well as that of Mobilized PB-MNC) on perfusion parameters (ABI, TcPO2) and 
the clinical course (wound healing, walking distance) remains consistent and 
positive throughout the different reports. Pooled results show that autologous cell 
therapy can induce an increase in ABI values between 0.1 and 0.2 points, which 
is considered a significant clinical outcome [72], and an increase in TcPO2 
between 10 and 20 mmHg O2. Depending on baseline values, walking distance 
can improve about 100 to 200 meters. No serious side effects were reported 
[28, 41].

Dubsky et al. conducted a comparative study of patients with diabetic foot dis-
ease, 28 in the treatment arm and 22 control patients (standard care). 17 were treated 
by BM-MNC cells and 11 by PBMNC. At 6 months, 10 major amputations occurred 
in the control group, 2 in the BM-MNC group, and 1 in the PB-MNC group. A ben-
eficial effect of cell therapy was observed with no difference between the two cell 
treatment groups [27].
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12.2.3.3  �Intramuscular (IM) Versus Intra-arterial (IA) Administration 
of BM Cells

Rigato and Fadini reported 4 studies utilizing IA administration including one RCT 
on 41 advanced CLI patients (Rutherford category 5 and 6) comparing IM (21 
patients) and IA (20 patients) and one double-blind RCT on 160 CLI patients 
(Rutherford category 3–6) comparing 3 repeated treatments (once every 3 weeks) of 
IA administration of BM-MNC or placebo red blood cells. In both studies there was 
no difference in outcome between the groups. At 6-month follow-up, Klepanec 
reported 4 deaths (9.7%) and 10 major amputations (24%) without clearly detailing 
the group-associated events. Teraa reported 4 deaths (4.9%) and 10 major amputa-
tions (18.5%) in the IA BM-MNC group and 5 deaths (6.3%) and 10 major amputa-
tions (12.3%) in the IA placebo group. Indeed, in Rigato’s analysis of delivery 
route, only IM but not IA administration was associated with a significant improve-
ment in amputation rate, amputation-free survival, complete wound healing, ABI, 
and TcO2, while both IM an IA significantly improved rest pain score [47, 74, 84].

12.2.3.4  �BM Mononuclear Cells (BM-MNC) Versus BM Mesenchymal 
Stem Cells (BM-MSC)

As of 2017 Rigato et al. reported 4 studies utilizing BM-MSC obtained either by 
BM aspiration or by mobilization. Lu et al. conducted a double-blind RCT study in 
41 diabetic patients comparing BM-MNC (20 patients) and BM-MSC (21 patients). 
Selected BM-MNC were injected immediately, while BM-MSC were first expanded 
ex vivo for 12–15 days. Saline was used as a control and was injected into the sec-
ond leg. Lu reported that a BM aspiration volume of 30 ml was sufficient for genera-
tion of BM-MSC, while 300–500 ml was needed for preparation of BM-MNC. Cells 
were administrated intramuscularly (20 injections, 3  cm intervals, 1–1.5  cm in 
depth, (0.5–1 mL BM-MSCs or BM-MNCs per site). There were no serious adverse 
events. BM-MSC were superior over BM-MNC in limb perfusion, wound healing, 
and pain-free walking time, but there was no significant difference between the 
groups in amputations or pain relief [52].

12.2.3.5  �Dose Dependency

Losordo et al. assessed dose dependency in a RCT utilizing two doses of mobilized 
BM purified CD34 SPC. 28 CLI patients were treated with 1 × 10e5 autologous 
CD34+ cells/kg (low-dose; 7 patients), 1 × 10e6 (high-dose; 9 patients), or placebo 
(control; 12 patients). 8 IM injections were administered to the ischemic leg. No 
adverse safety signal was associated with cell administration. 60 SAEs occurred in 
22 subjects during the study. 1 occurred during mobilization before treatment (mod-
erate hypotension which required prolonged hospitalization) and 59 after treatment. 
The majority of SAEs were considered unrelated to the study with 1 judged as 
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possibly related (severe worsening of CLI in the target leg after injection which 
required prolonged hospitalization). There were 2 deaths during the study (group 
was not reported) and 11 major amputations. Major amputation incidence and AFS 
were significantly lower in the combined cell-treated groups compared with the 
control group with no significant dose related effect. Most amputations occurred 
within 6-month post injection, 4 in the control group (33%), 3 in the low-dose group 
(42%), and 2  in the high-dose group (22%) with 2 amputations between 6 and 
12 months in the control group (a total of 50%). No treatment-related differences 
were found in wound healing, rest pain and QoL, whereas 6-min walking test 
improved in the cell treated groups. Lack of dose dependency in this preliminary 
study might be due to the small size of the groups [51].

12.2.3.6  �Allogeneic Ex Vivo Expanded Cells

Gupta et  al. described a double-blind RCT using allogeneic BM-MSC.  Patients 
graded as Rutherford 4 (5 patients), Rutherford 5 (10 Patients), and Rutherford 6 (5 
Patients) received a single treatment of 180–220 × 10e6 BM-MSC (10 patients) or 
placebo suspension (10 patients) via 40–60 IM injections in the gastrocnemius. 
Incidence of AEs in the BM-MSC arm was 13 vs. 45 in the placebo arm, and serious 
SAE including death, infected gangrene, and amputations were similar in both arms 
(5 in BM-MSC and 4 in the placebo group). Two deaths in the BM-MSC were not 
attributed by the study DSMB to the cell therapy. Two amputations occurred in each 
group. Nonetheless, a significant increase in ABI and ankle pressure was seen in 
BM-MSC arm compared to the placebo group. These results may reflect the inclu-
sion of unsalvageable Rutherford 6 patients as suggested by Benoit et al. in their 
2011 report [13, 52]. In a preliminary study, applying allogeneic ex vivo expanded 
placenta-derived MSC, 4 patients obtained 3 sets of IM once every 4 weeks. Safety 
results were promising with only one mild transient AE of fever. Ulcer healing, 
pain, pain-free walking test, and ABI improvement were reported, but no ABI or 
patient grading were provided. One patient had a major amputation [91].

12.2.3.7  �Ex Vivo Activated/Differentiated Cell Products

In a double-blind RCT, Powell et al. tested the safety and efficacy of Ixmyelocel-T, a 
mixture of ex vivo expanded BM-MSC and alternately activated macrophages, in 86 
patients (46 Ixmyelocel-T and 24 placebo). Patients received 20 IM injections and 
were followed for 12 months. Ixmyelocel-T treatment was well tolerated. The occur-
rence of adverse events and serious adverse events was similar between the two 
groups. There were four deaths (8%) in the Ixmyelocel-T group. This represented a 
decreased death rate compared to the 20% mortality expected based on historical 
data. However, the placebo group had the same mortality rate of 8%. There were ten 
major amputations (21%) in the Ixmyelocel-T group and six (25%) in the placebo. In 
both groups, most of the amputations occurred within 6  months. These results 
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indicate that the therapy did not improve the one-year amputation or mortality rates. 
Improvement was observed in AFS and time to treatment failure (TTF based on one 
or more of: major amputation of the injected leg; mortality; doubling of total wound 
surface; and de novo gangrene) in ixmyelocel-T-treated patients compared with con-
trols. In addition, the treatment effect for both TTF and AFS was even more pro-
nounced in patients who entered the trial with baseline wounds (Powell et al. 2012).

While administration of fresh PBMC was inferior to BM-MNC [83], angiogenic 
cell precursors (ACP), a product resulted from non-mobilized peripheral blood after 
5 days of pro-angiogenic ex vivo activation, showed a high safety profile and an 
improvement in circulation, ulcer healing, and reduced amputation rate. In the imme-
diate follow-up after the intramuscular injection, patients were hemodynamically 
stable. There were no abnormalities in hematology, kidney and liver function tests, 
including serum myoglobin. One patient developed dyspnea that was caused by fluid 
overload, with immediate response to diuretic therapy. Elevated cardiac enzymes 
were detected in one patient, even though the patient had no symptoms of angina 
[60]. Similar results were obtained by Szabó et al. from applying ACP in a larger, 
controlled study of 20 patients (10 patients treated with ACP and 10 with standard 
care). The treatment was well-tolerated. At the 3-month follow-up, there were no 
major amputations and only two minor amputations in the treated group versus six 
major amputations in the controls and one death due to sepsis. Objective (ABI, 
TcO2) and subjective quality of life (QoL) improvement were seen in the treated 
group at 3 months. Post-study evaluation showed that the two-year major amputation 
free rate was 70% in the treated group versus 30% in the controls. The improvement 
in other objective and subjective parameters was sustained [81].

12.2.3.8  �Summary of Cell-Based Therapies

Typical for early development stages of innovative therapeutic modalities, most 
studies were conducted on small patient groups ranging from 5 to 25 patients, and 
only part were RCTs or double-blind RCT trials. By 2015, more than 1000 CLI 
patients were treated with SPCs. The SPCs were directly obtained from organs, 
such as the BM or fat tissue or, alternatively, using mobilizing agents to induce mas-
sive proliferation of BM cells, followed by cell collection using an aphaeresis unit. 
Most of the studies were performed with autologous BM-derived cells, adminis-
trated locally to CLI patients in one treatment session of intramuscular injections. 
Overall, these studies showed that the cell implantation was well tolerated, not asso-
ciated with severe adverse events and that they improved the clinical status of the 
patients. Safety analysis included the evaluation of death, cancer, unregulated 
angiogenesis, and procedural adverse events (AEs). The overall AE rate was low 
(4.2%) [12]. Most of the reported AEs were related to the pre-procedural activities 
for acquiring cells. Post cell therapy AEs were mainly injection site reactions and 
musculoskeletal disorders [28, 74].

Moreover, the data are supported by systematic reviews and meta-analyses of 
open labelled and RCTs. For example, Benoit et al. summarized 45 clinical trials, 
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including 7 RCTs, with 1272 patients who received cell therapy. Efficacy analysis 
included the clinical endpoints of amputation and death as well as functional and 
surrogate endpoints. Cell therapy patients had a significantly lower amputation rate 
than controls (odds ratio 0.36, p = 0.0004). Cell therapy also improved a variety of 
functional and surrogate outcomes, such ABI, TcPO2, and quality of life (QoL) 
[12]. More recently, Rigato et  al. reported a large meta-analysis on 2332 CLI 
patients, including19 RCTs, 7 non-randomized, and 41 non-controlled studies [74]. 
The primary analysis (all randomized controlled trials) showed that cell therapy 
reduced the risk of amputation by 37% and improved amputation-free survival by 
18% and wound healing by 59%, without affecting mortality. Taken together, the 
data indicate that cell therapy significantly increased ABI, TcPO2, reduced rest 
pain, and improved QoL. Cell therapy patients did not have a higher mortality rate 
than controls and demonstrated no increase in cancer incidence. Many of these stud-
ies show decreased mortality in comparison to the natural history of 20% mortality 
and 30% amputations that are expected within 6–12 months from CLI diagnosis 
[21, 23, 76]. As discussed above, Rigato and Fadini in 2017 showed that cell therapy 
reduced the risk of amputation and improved amputation-free survival but did not 
affect mortality. This may reflect the fact that the control group is also receiving 
better care. Indeed, in a summary of placebo-controlled groups of 11 cell therapy 
studies reported between 2001 and 2015, the average mortality was 9% (range 
0–33%) at 6 months. The rate of major amputations was much closer to the expected 
value with an average of 28% (range 10–67%) at 6 months. The limitation in death 
rate comparison may stem from the fact that many studies have a 6-month follow-
up, while mortality sometimes occurs at a later time after the end of the study. This 
is not an issue when amputation is measured, since at least 85% of the major ampu-
tations occur with the first 6 months after treatment [13, 27, 36, 51, 65, 66, 81, 84, 
50, 70, 90].

12.3  �Future Application

The promising results of the studies summarized above encouraged us to develop a 
new combination of cells for effective neovascularization, reduction of inflamma-
tion, and recruitment of additional SPC from endogenous resources. CLI is cur-
rently an incurable, life-threatening, and seriously debilitating disease. We therefore 
developed a patient-friendly method, based on a standard blood draw that is safe, 
accessible to patients in every clinic, and scalable. The goal beyond limb salvage is 
to extend lifespan and improve functionality and QoL.

Since the number of EPCs and HSPCs in the blood is relatively low in healthy 
individuals and even lower in diabetic patients [14, 29], an ex vivo method for the 
enrichment and augmentation of these specific cells was developed. DCs, originally 
identified by Steinman et al. in 1973 [78], regulate both innate and adaptive immu-
nological responses by the triggering of antigen-specific T-cell responses [7, 18–20, 
26, 58, 78, 87]. However, in the presence of anti-inflammatory molecules such as 
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transforming growth factor beta (TGF-β), basic fibroblast growth factor (bFGF) and 
interleukin (IL)-10, DCs are alternatively activated in an antigen-independent man-
ner and induce secretion of potent pro-angiogenic factors like vascular endothelial 
growth factor (VEGF) and nitric oxide, resulting in pro-angiogenic effects [8, 15, 
54, 73, 79, 82]. In the presence of pro-angiogenic factors such as ischemia and the 
presence of VEGF, DCs were shown to contribute to neovascularization [16, 30, 75, 
80, 93].

Autologous-enriched endothelial progenitor cells (EnEPC) is a defined cell pop-
ulation generated from a standard blood draw using a novel one-day technology 
employing alternatively activated DCs to specifically direct potentially therapeutic 
cell activity in vitro (Fig. 12.3). Previous in vitro and animal studies in the hind limb 
ischemia model have shown promising results in reversing induced limb ischemia 
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PBMC

DC
enrichment
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enrichment

DC
activation

Co-culture

EnEPC
harvesting

day1

In vitro release
first in human

CLI ‘no option’ patients
Safety, AFS, ABI, wound healing,

6 min walking test, pain, QoL

Fig. 12.3  Blood-derived SPC specifically activated by DCs
Flow chart depicting the generation of enriched EnEPC. BGC101 is a serum-free medium advanced 
therapy medicinal product (ATMP) designed to treat ischemic legs. It is produced in adherence to 
good tissue practice (GTP) and good manufacturing practice (GMP). Non-mobilized blood-
derived plasmacytoid and myeloid DCs activated with pro-tolerogenic and pro-angiogenic cyto-
kines (such as IL-10, VEGF) are used to specifically direct the in vitro activation of SPCs which 
were enriched from the same blood sample and co-cultured for 12–18 hours. Harvested EnEPCs 
were tested for safety (Gram stain, sterility, endotoxin and mycoplasma), identity (EPCs, SPC, DC 
and T helper cells), and potency (Ac-LDL and Ulex Lectin)
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[67, 68]. BGC101 is the first EnEPC-derived advanced therapy medicinal product 
(ATMP) designed to treat ischemic legs. It is produced in adherence to GMP 
and GTP.

We report here a first-in-human (FIH), pilot clinical study assessing the safety 
and efficacy of BGC101 in the treatment of PAD with CLI.

12.3.1  �Methods and Results

This FIH, non-controlled open-label pilot study assessing the safety and efficacy of 
BGC101 in the treatment of PAD with CLI was conducted in compliance with good 
clinical practice (GCP) and was closely reviewed by an independent Data and 
Safety Monitoring Board (DSMB) and sponsored by BioGenCell Ltd (NIH clinical-
trials.gov Identifier: NCT02805023).

Study Population  Patients with severe disease and with no other treatment option 
(“no option”) were selected. Patients had characteristics including very low to no 
blood flow in the legs as measured by ABI (<0.5), toe brachial pressure index (TBI), 
and ultrasound duplex test and had non-healing ulcers and infections. Between 
September 2006 and January 2017, six eligible patients underwent blood collection, 
and five patients were treated with BGC101. One patient withdrew before treatment 
due to gastrointestinal bleeding unrelated to the study. The five eligible patients, one 
Rutherford 4 and four Rutherford 5, were treated with a single session of 30 IM 
injections of BGC101 into the gastrocnemius muscle of the diseased leg, under 
local anesthesia with lidocaine cream (see Table 12.4 for baseline data; Fig. 12.4a 
for cell injection, 4b for injected leg 30 minutes after injection). Patients were fol-
lowed for safety 48 hours and 1 week after cell administration. Further follow-up 
for safety and efficacy assessment was performed at 1, 3, and 6 months. 4 patients 
completed the 6-month follow-up period, and one patient withdrew from the study 
immediately prior to the 3-month follow-up visit. This patient had a computed 
tomography angiogram (CT angiogram) after therapy that showed improved run-off 
in the calf vessels. He was advised that he was now eligible again for an interven-
tional procedure and underwent transluminal angioplasty (PTA). The patient was 
amputation-free several days before the 3-months follow-up (2.9 months). For this 
patient, documented data from the 1-month follow-up visit was used based on last 
observation carried forward (LOCF).

Study Investigational Product and Dose  Starting with 250–350 ml of peripheral 
blood, co-culture of activated DCs for 12–18  hours with SPCs from the same 
patient sample generated a treatment dose of 91.0  ±  23.4  ×  10e6 (range 
51.1–178.9 × 10e6) of BGC101 cells with 98.1 ± 0.4% viability. BGC101 com-
prises 58.1 ± 7.0% EPCs (expressing Ulex-lectin, acetylated low-density lipopro-
tein (AcLDL) uptake, Tie2, vascular endothelial growth factor receptor 1 and 2, 
and CD31) and 17.3 ± 4.7% SPCs (expressing CD34 and CD184 as well as plas-
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macytoid and myeloid DCs (expressing CD304 and CD141) and T helper cells 
(expressing CD3 and CD4).

Safety  The primary outcome of the study was safety. AEs and SAEs were classi-
fied in accordance to International Conference on Harmonization of Technical 
Requirements for Registration of Pharmaceuticals for Human Use (ICH) Medical 
Dictionary for Regulatory Activities (MedDRA), System Organ Class Preferred 
Term (SOC) based on Common Terminology Criteria for Adverse Events 
(CTCAE) [22]. A total of 44 AEs were reported, including 4 SAEs that were all 
typical of CLI or its underlying disease (i.e., happened or could have happened 

Table 12.4  Patients data on screening

Parameter Pt01-001 Pt01-002 Pt01-004 Pt01-005 Pt01-006
Gender Male Male Female Male Male
Age (years) 71 67 67 56 68
Diabetes Diabetic Non-diabetic Diabetic Non-diabetic Diabetic
Smoking habits Non-smoker Past heavy 

smoker >35Yrs
Non-smoker Past heavy 

smoker >35Yrs
Heavy 
smoker 
>35Yrs

Rutherford 5 Minor tissue 
loss

4 Ischemic rest 
pain

5 Minor tissue 
loss

5 Minor tissue 
loss

5 Minor 
tissue loss

Intervention 
(surgery/
catheterization)

Peripheral 
arterial bypass 
surgery
Catheterization

Peripheral 
arterial bypass 
surgery
Catheterization

Amputation of 
contralateral
Catheterization

Thrombectomy Bypass 
for 
occluded 
artery

AFS CTLI CTLI CTLI CTLI CTLI
ABI / TBI ABI 0.48 ABI 0.29 ABI 0.36 ABI 0.4 ABI 0.33 

TBI 0.13
Ulcers/
gangrene

4 Ulcers NA 2 Blueness of 
toes

1 Gangrene 2 Ulcers 1 
Gangrene

Walking Could not 
perform 
treadmill
Walking test 
was not done
Can walk a 
few meters

Could not 
perform 
treadmill
Walking test 
was not done
Patient is 
dependent on a 
wheel chair

Amputated
Walking test 
was not done
Patient is 
dependent on a 
wheel chair

Could not 
perform 
treadmill
Walking test 
was not done
Can walk a few 
meters

Could not 
perform 
treadmill
Walking 
test done: 
0 minutes
Patient is 
dependent 
on a 
wheel 
chair

Pain relief 
(narcotic 
medications)

NA Percocet NA Oxycodone; 
fentanyl

Percocet

Pain (VAS) VAS 6 VAS 8 VAS 0 VAS 5 VAS 9
Quality of life 83/203 94/203 71/203 134/203 76/203

ABI Ankle-brachial index, TBI toe-brachial index, NA not applicable, AFS amputation-free sur-
vival, VAS visual analogue scale
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regardless of the therapy). 10 of the 44 AEs occurred during the screening period 
of 2 weeks prior to BGC101 administration (an average of 4AEs/patient/month), 
whereas 34 post-treatment AEs were reported during the 6-months follow-up (an 
average of 1.1AEs/patient/month). The 10 pretreatment AEs included one SAE of 
gastrointestinal bleeding after blood collection which was judged by the principal 
investigator (PI) and DSMB as an unrelated SAE. Of the 34 post-treatment AEs, 
25 were defined as unrelated or unlikely related including the 3 SAEs (hospital-
ization due to foot infection and hypokalemia (same patient) and retroperitoneal 
hematoma due to angiography). Nine AEs were defined as a) possibly related (6 
AEs; 4 recovered spontaneously; 1 recovered with medical treatment; 1 was ongo-
ing with medical treatment at study termination), b) probably related (1 AE, 
recovered spontaneously), and c) related (2 AEs, recovered spontaneously). Based 
on review of the AEs and SAEs, the DSMB determined that the treatment protocol 
including blood collection as well as BGC101 IM administration was well toler-
ated and the BGC101 therapy was safe. The DSMB thus recommended continu-
ing and expanding the study to a larger patient population with one 
amendment – shortening the post treatment in-patient follow-up time from 48 to 
24 hours and thereby reducing the exposure to hospital risks such as nosocomial 
infections.

Efficacy  In this study, population prevention of deterioration (i.e., stabilizing the 
disease) or improvement were considered successful outcomes.

a

b

Fig.  12.4  BGC101 cell 
injection. (a) During cell 
injections. (b) About 
30 minutes after 
transplantation
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Amputation and Mortality  Primary efficacy endpoints were major amputation rate 
(below or above the knee) and AFS at 6 months. All four patients completed the 
study with 6 months AFS (amputation and mortality rate = 0). The one patient who 
withdrew from the study immediately prior to the 3-month follow-up visit was 
amputation-free at that time. Secondary objectives endpoints included blood flow, 
assessed by ankle brachial pressure index (ABI), toe-brachial pressure index (TBI), 
ulcers number and severity score, walking capability, local pain, pain-control medi-
cations, and QoL.

Blood Flow  Based on the Inter-Society Consensus for the Management of 
Peripheral Arterial Disease (TASC II) report, a changing ABI is possibly the best 
individual predictor, because if a patient’s ABI deteriorates, it is most likely to con-
tinue to do so in the absence of successful treatment [61]. In addition, to claim cause 
and effect and attribute the improvement to the treatment, an objective evidence of 
the ABI or TBI of more than 0.10 is recommended [72]. Three out of the four 
patients who completed 6-month follow-up had >0.1 (ABI increase ranging from 
0.13–0.54). On average ABI increased by from 0.37 ± 0.03 to 0.57 ± 0.13 (Delta of 
0.19, 53% improvement). According to [56], patients with ABI <0.4 have severe 
ischemia grade 3, with ischemic rest pain and increased amputation risk. However, 
especially in patients with diabetes and wounds complicated by infection, correc-
tion of perfusion to 0.4 < ABI <0.8 may speed healing of wounds and leg salvage 
[56]. In this study, starting from 1 month after treatment the patients’ average blood 
flow exceeded the level of 0.4, corresponding to moderate-severe arterial disease 
with possible limb salvage (Fig. 12.5). In one patient, only TBI could be measured 
and showed an increase from 0.13 to 0.32, which can support wound healing.

Wound Healing  Four out of five patients had one or more wounds in the treated leg 
as detected in the screening visits. Each ulcer was defined based on its location and 
specifically traced and ranked by severity damage score (0 = no wound; 1 = limited 
to skin; 2 = penetrates the subcutaneous layer; 3 = involvement of tendons/fascia/
muscle; 4 = bone exposure). A total and average damage score for each time point 
was calculated by summing the scores for all ulcers per patient and dividing by the 
number of tested patients. In all patients with wounds, ulcer worsening occurred 
during the screening period before treatment. In two patients, both the number of 
ulcers and the damage score increased and in one patient, who entered the study 
2 years after amputation of the contralateral leg, the damage score increased dra-
matically, and a severe infection occurred before treatment. In two patients, deterio-
ration continued after treatment, and in two others both the number and damage 
score were reduced, some of the wounds healed completely and some improved but 
were still present at 6 months.

Walking Capability  Four out of five patients had two legs and were potentially 
capable of walking. At the study initiation, the test chosen to measure walking abil-
ity was a 6-minute walking test on a treadmill. However, the patients could not walk 
unaided on the treadmill or barely walked with a walker. Thus, after amending the 
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protocol, for patients who could not perform the treadmill test, a 6-minute walking 
test was performed on a flat surface. Distance and time were measured until the 
patient reported discomfort, for a maximum of 6 minutes.

One patient was not capable of walking at any stage from screening visits until 
the 1-month follow-up. Since this patient withdrew prior to the 3-month follow-up, 
this result was included in the study analysis as LOCF.  By 6  months, all other 
patients showed improvement in walking time, distance, and stability that enabled 
them to go from using a wheelchair or a walker to using a walking stick and take 

1 Month

6 Month3 Month

Screening

Ankle-Brachial Index

0

0.1

0.2

0.3

0.4

A
B

I

0.5

0.6

0.7

0.8

0.9

1

Fig. 12.5  Pilot study ABI results
ABI improvement trend is seen at all time points. Starting from 1  month after treatment the 
patients’ average blood flow exceeded the level of 0.4 which corresponds to ischemic rest pain and 
risk of limb loss and reached the level of 0.40–0.80, corresponding to moderate-severe arte-
rial disease
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daily walks or to walk more than 6  minutes on the treadmill. Large meaningful 
improvements from 36 to 115 meters, from 120 to 240 meters, and from 280 to 
337.5 meters were observed in the walking distance at baseline and at 6 months in 
3 patients. Furthermore, based on the improvement in blood flow and decrease in 
paresthesia, the amputated patient was allowed to re-use her leg prosthesis.

Pain Assessment
Visual Analogue Scale (VAS) of 1 (no pain) to 10 (worst possible pain) was used to 
assess the pain level. VAS scores showed moderate pain during the screening period 
(even though no physical tests or invasive tests were involved in the screening pro-
cess). No increase in VAS scale was observed during blood collection (average VAS 
5.4 and 3.2 during screening and blood collection, respectively). The acute effect of 
the cell transplantation by 30 IM injections into the gastrocnemius utilizing local 
anesthesia with lidocaine cream was assessed using the pain score before and 6, 24, 
and 48 hours following the injections. The mean VAS score prior to the procedure 
was 3.9, and 2.2, 2.7, and 3.0 at 6, 24, and 48 hours, respectively, indicating that the 
blood collection and the IM injection procedures were well tolerated. VAS scale con-
tinued at a level of 3.0–3.5 until the end of the follow-up visits at 6 months. A hall-
mark of CLI is severe rest pain caused by vascular insufficiency. CLI is dominated by 
pedal pain except in diabetic patients, where superficial pain sensation may be altered 
and they may experience only deep ischemic pain, such as calf claudication and isch-
emic rest pain. In most cases, the pedal pain is intolerably severe; it may respond to 
foot dependency, but otherwise responds only to opiates. This pain not only prevents 
physical activity, but it also alters the patient’s QoL. In this study, a record of con-
comitant medications taken by patients was used in addition to other signs to assess 
the treatment effect on patients’ pain relief and QoL. Medications were scored based 
on their relative strength as P1 = analgesics (e.g., ibuprofen); P2 = narcotic-like (e.g., 
Tramadex and Zaldiar), and P3 = narcotics (e.g., percocet, oxycodone, and fentanyl). 
Medications prescribed specifically for back pain and neuropathy were marked as 
NP1 and were not included in the assessment of pain severity.

Two patients reported pain or paresthesia relief starting as early as 1 week after 
treatment. In three patients, a reduction to zero use of P1, P2, and P3 medications 
between screening and 6 months after treatment was observed.

Quality of Life Assessment
QoL is as an important outcome measure for interventions designed to improve 
health, well-being, or both. The King’s College Hospital’s Vascular Quality of Life 
(VascuQol) is a disease-specific QoL Questionnaire for use in lower limb ischemia. 
It was designed to be an evaluative measure and sensitive to within-patient change 
[59]. A Hebrew translation of the questionnaire was utilized prior to treatment and 
1, 3, and 6 months after the treatment. The questionnaire evaluated physical score, 
leg disease-related pain, pain not related to the leg, mental score, and patients’ ease-
ment of their current condition vs. the last year. A gradual increase in QoL Total 
score from a base line average of 91.6  ±  11.3 to 135.5  ±  21.2 at 6-month was 
observed (Fig.  12.6). Improvement in walking capability correlated with a pain 
relief in these patients that can be seen by their concomitant medication 
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consumption. These trends in reduction of pain should be further assessed as a pos-
sible potential early efficacy biomarker.

Summary of this Pilot Study  Five severe CLI “no option” patients were treated in 
this pilot study. The main aim of the study was to evaluate the safety of the treat-
ment. The study therapy procedures (blood collection and cell transplantation) were 
well-tolerated and safe. Since all the patients were severe “no option” CLI patients, 
efficacy endpoints including primary efficacy endpoint of AFS and secondary end-
points of blood flow (assessed by ABI/TBI), ulcers severity, walking capability, 
local pain, pain-control medications, and QoL were also measured. The primary 
endpoint of AFS was achieved in all patients that completed the 6-month follow-up 
period and in one patient who completed 2.9 months before becoming eligible for 
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Fig. 12.6  Improvement trends in symptoms as assessed by QoL questionnaire during the study. 
Throughout the study VascuQol, QoL gradually rose with most of the effect obtained by 3 months 
after the treatment
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an interventional treatment option. As of Jun 2020, 3.5–3.8 years after the study, one 
post study amputation occurred due to sepsis of the foot. The number of tested 
parameters was different between patients. For example, one patient had no wound 
and another patient had only one leg, so wound healing and walking capability were 
not tested in them, respectively. For each patient, at least six of the tested parameters 
were stabilized or improved and at least three improved. Among the patients who 
completed the 6-months follow-up, there was a total of 27 improved results out of 
31 tested parameters, representing a 77% improvement. Stabilizing the disease sta-
tus and preventing the disease progression accounted for an additional 12% of the 
measured parameters. Taken together, in 89% of the tested parameters, BGC101 
treatment delayed disease progression and improved the clinical status.

12.4  �Conclusions

Despite positive clinical outcomes resulting from better classification of PAD and 
CLI characteristics (Fontaine, Rutherford, Wifi), more unified treatment protocols 
and the opening of multidisciplinary centers for treatment of ischemic low extremi-
ties and wounds, amputation rate has increased from 19 per 100,000 person/year to 
30–50 per 100,000 person/year over the past decades, mainly driven by an increase 
in the number of diabetics and older patients [1, 3, 21, 34, 39, 61, 62, 89].

In addition to low survival rates, prognosis with respect to limb preservation in 
CLI patients is poor, particularly in nonrevascularizable, considered as “no-option” 
CLI patients, where 6-month major amputation rates range from 20% to 30%. 
Additionally, CLI is associated with a poor quality of life and high treatment costs, 
especially when amputation is inevitable. New treatment modalities using gene and 
SPC therapies have been slowly emerging during the last 15 years, but no gene or 
cell therapy for CLI has yet received a marketing authorization and CLI currently 
remains a major public health issue [46, 74, 85]. A few meta-analysis reports, with 
the largest by Rigato et al., in 2017 with data from 2332 patients from 19 RCTs, 7 
nonrandomized trials, and 41 non-controlled studies, showed that cell therapy is 
safe, reduced the risk of amputation by 37%, improved amputation-free survival by 
18%, and improved wound healing by 59% without affecting mortality. The latter 
fact is probably due to the relatively low mortality rate obtained in the placebo 
groups of the analyzed studies. In addition, cell therapy significantly increased ABI 
and TCPO2 and reduced rest pain. Thus, they concluded that cell therapy has the 
potential to modify the natural history of intractable CLI. Considering the severity 
of a disease burdened by high morbidity and mortality rates, they urged the scien-
tific community to advance cell therapies to market [74]. Based on the summary 
presented here, ex vivo cultured, differentiated cells are the more promising SPC 
product. However, the safety issues of source cells collection (allogenic or autolo-
gous BM-derived) as well as the complicated and long culture periods required 
during which patients can further deteriorate make most of these methods unsuit-
able for mass treatments.
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We report here a novel treatment based on a methodology that combines immune 
DCs specific activation of SPC that leads to differentiated EnEPCs, code-named 
BGC101, with a short time culture of 12–18 hours. The EnEPC based treatment 
addresses several biological features of the disease, including long-lasting effect on 
neovascularization and on chronic inflammation. This new approach is designed to 
enable mass production of patient friendly, safe personalized products that can be 
supplied within a day in every clinic and thus open the widespread availability of 
cell therapies for CLI. Furthermore, in order to address the entire CLI market and 
the full spectrum of PAD, we aim at developing a fully automated device for pro-
duction of the EnEPC line of products that can be placed at regional hospitals and 
laboratories. BGC101 cells were found safe and effective in the FIH pilot study 
reported here, and further RCT studies on a larger population are planned to evalu-
ate the potential of this new concept. If proven to be safe and effective in future 
clinical trials, this approach will disrupt current treatment strategies by developing 
accessible, safe, effective, and user-friendly cell-based treatment platform with the 
potential to reverse the disease process, save billions to payors, and offer patients 
the ability to return to their baseline quality of life. Furthermore, we believe that in 
the future, combining classical improved revascularization with cell therapies that 
stimulate regeneration and function of the microvasculature will enable a better 
long-term leg salvage and function. Such an approach may prove fruitful, improve 
the prognosis, and change the course of severe PAD worldwide.
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